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Abstract 
The glycoprotein 5 (GP5) of porcine reproductive and respiratory syndrome virus (PRRSV) is a multi-functional protein 
that plays important roles in virus assembly, entry and viral anti-host responses.  In the present study, we investigated the 
cellular binding partners of GP5 by using lentivirus transduction coupled with immunoprecipitation and mass spectrometry. 
There were about 40 cellular proteins identified with high Confidence Icons by MS/MS.  Ingenuity Pathway Analysis (IPA) 
indicated that these proteins could be assigned to different functional classes and networks.  Furthermore, we validated 
some of the interactions by co-immunoprecipitation (Co-IP) and confocal microscopy, including those with mitofilin, a mi-
tochondrial inner membrane protein that might be involved in PRRSV or GP5-induced apoptosis, and calnexin, a protein 
chaperone that might facilitate the folding and maturation of GP5.  The interactome data contribute to understand the role 
and molecular mechanisms of GP5 in PRRSV pathogenesis.
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as “mystery swine disease” in the United States in 1987 
(Keffaber 1989).  Ever since, PRRS has become an eco-
nomically devastating disease for swine agriculture all over 
the world.  In particular, in 2006, emergence and extensive 
prevalence of the Chinese highly pathogenic PRRSV (HP-
PRRSV) caused huge economic losses to the Chinese swine 
industry (Tian et al. 2007; Zhou and Yang 2010).  This virus 
phylogenetically belongs to type II PRRSV, and displays en-
hanced virulence, characterized high morbidity and mortality 
as well as high fever (Tian et al. 2007; Zhou et al. 2009). 
Recent studies have revealed that the in vivo replication 
capacity, tissue distribution and immunomodulatory proper-
ties of PRRSV strains are related to the viral pathogenicity 
(Zhou et al. 2009; Li et al. 2012, 2014).  However, most of 
the details await to be discovered.
PRRSV is a member of the genus Arterivirus in the family 
Arteriviridae (Cavanagh 1997) and has a genomic size of 
about 15 kb that contains at least ten overlapping open 
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1. Introduction
Porcine reproductive and respiratory syndrome virus 
(PRRSV) is the etiological pathogen of porcine reproductive 
and respiratory syndrome (PRRS) that was first recognized 
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reading frames (ORFs) (Conzelmann et al. 1993; John-
son et al. 2011).  Among its ORFs, ORF1a and ORF1b 
encode the viral replicase polyproteins pp1a and pp1a/b, 
which are further processed into at least 14 nonstructural 
proteins (nsps) including nsp1α, nsp1β, nsps2-6, nsp7α, 
nsp7β and nsps8-12 (Fang and Snijder 2010), and the 
others encode structural proteins (SPs) (GP2a, E, GP3, 
GP4, GP5, ORF5a, M and N) (Meulenberg et al. 1995; 
Johnson et al. 2011).
GP5 is an envelope glycoprotein with an apparent mo-
lecular mass of 25 kDa (Meulenberg et al. 1995; Dea et al. 
2000) that plays important roles in both infectious viral par-
ticle assembly and PRRSV survival.  In the viral envelope, 
GP5 forms a heterodimer with M that constitutes the major 
virion component (Meulenberg et al. 1995; Dea et al. 2000; 
Wissink et al. 2005).  Consequently, deletion of either of 
ORF5 or ORF6 from an infectious PRRSV clone is lethal 
to the virus (Wissink et al. 2005).  In addition, GP5 may 
play a critical role in the entrance of susceptible host cells 
(Delputte et al. 2005; Wissink et al. 2005).  As well, GP5 was 
a major inducer of neutralizing antibodies in vivo (Wissink 
et al. 2003) and the N-linked glycosylations were able to 
weaken the immunogenicity of the nearby neutralization 
epitope (Ansari et al. 2006; Wei et al. 2012).  Additionally, 
GP5 has been reported to be an apoptosis inducer and the 
first 119 amino acids constitute a region capable of fully 
inducing apoptosis (Suarez et al. 1996; Fernandez et al. 
2002).  Thus, PRRSV GP5 is a multifunctional protein.  
In this report, we focused on the cellular binding partners 
of GP5 by using affinity purification (AP) combined with mass 
spectrometry (MS).  The cellular proteins were identified and 
further confirmed by co-immunoprecipitation (Co-IP) and 
indirect immunofluorescence (IFA).  These data would be 
helpful to further understand the molecular mechanisms of 
GP5 in PRRSV replication and viral pathogenesis.
2. Materials and methods
2.1. Cells and virus
Primary porcine pulmonary alveolar macrophages (PAMs) 
were prepared as previously described (Zhang et al. 2009) 
and maintained in RPMI-1640 medium (Invitrogen, Carlsbad, 
CA, USA) containing 10% fetal bovine serum (FBS) (Invit-
rogen).  Human embryonic kidney (HEK) 293 cells and its 
derivative clone 293FT cells that were transformed with the 
SV40 large T antigen, and the African green monkey kidney 
epithelial cell line MARC-145 cells were cultured in DMEM 
(Invitrogen) containing 10% FBS.  The highly pathogenic 
PRRSV strain, JXwn06, and its infectious cDNA clone plasmid 
(pWSK-JXwn) were used in this study (Zhou et al. 2009).
2.2. Antibodies and reagents
Mouse anti-HA monoclonal antibody (mAb) (H3663), rabbit 
anti-Myc polyclonal antibody (C3956) and MitoTracker Red 
(53271) were purchased from Sigma (Sigma, MO, USA). 
Mouse anti-GFP mAb (66002-1-Ig) and rabbit anti-mitofilin 
polyclonal antibody (10179-1-AP) were purchased from Pro-
teintech (Chicago, IL, USA).  Rabbit anti-calnexin polyclonal 
antibody (LS-B8413) was purchased from LifeSpan Bio-
sciences, Seattle WA, USA.  Mouse anti-GP5 and GP3 of 
PRRSV mAbs were prepared in our laboratory.  GFP-Trap 
A Kit (gtak-20) with anti-GFP antibody conjugated to an 
agarose bead matrix for purification of the protein fused 
into GFP were purchased from ChromoTek (Planegg-Mar-
tinsried, Germany).
2.3. Plasmids construction
Coding region fragments of mitofilin and calnexin were 
amplified from the total RNA of PAMs by RT-PCR using 
the designed primers based on the sequences available in 
GenBank (XM_003481170.3, mitofilin; NM_001243210.1, 
calnexin), respectively.  The amplified products were 
extracted using a RNAprep Pure Tissue Kit (TIANGEN, 
Beijing), according to the manufacturer’s protocols.  The 
reverse transcriptions were performed by using M-MLV 
reverse transcriptase (Promega, Madison, WI).  The GP5 
gene of PRRSV was amplified by PCR using pWSK-JXwn 
as templates.  The plasmids including pCMV-Myc-mitofilin, 
pCMV-Myc-calnexin, pCMV-HA-GP5 and pEGFP-GP5 were 
constructed by conventional techniques.  All the primers 
used in this study are listed in Table 1.
2.4. Preparation of GP5-expressing lentiviruses
The viral proteins-expressing lentiviruses were prepared as 
previously described (Dong et al. 2014; Wang X et al. 2014). 
Briefly, a lentiviral packaging system including pWPXL 
(12257), pMD2.G (12259) and psPAX2 (12260) were avail-
able from Addgene (Cambridge, MA, USA).  The pWPXL-
GP5-GFP and GFP-expressing plasmids were mixed with 
pMD2.G and psPAX2 with appropriate proportion, respec-
tively, and co-transfected into HEK 293FT cells using the 
FuGENE HD transfection reagents (Roche Applied Science, 
Indianapolis, IN, USA).  The cells were incubated at 37°C 
until the dishes were teemed with numbers of syncytias, and 
the supernatants containing lentiviruses were harvested and 
filtered with a 0.45 μm filter and concentrated by Amicon 
ultra-100 centrifuge tubes (Mick Millipore, Billerica, MA, 
USA).  The titers of lentiviruses were determined using a 
QuickTiter™ Lentivirus Titer Kit (Lentivirus-Associated HIV 
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p24) according to manufacturer’s instructions (Cell Biolabs, 
San Diego, CA, USA).
2.5. Immunoprecipitation and co-immunoprecipita-
tion (Co-IP)
For immunoprecipitation (IP), MARC-145 cells were trans-
duced with the GP5-GFP- and GFP-expressing lentiviruses 
in the presence of 8 μg mL–1 polybrene (Sigma, MO, USA), 
respectively.  24 h after the transduction, the inocula were 
removed and the cells were maintained in corresponding cell 
culture medium.  At 48 h post-transduction, the cells were 
collected and lysed in IP buffer (Beyotime, Nanjing, China) 
and incubated at 4°C for 30 min, followed by centrifugation 
at 12 000×g for 20 min.  The total protein concentrations in 
the supernatants were quantified by using enhanced BCA 
Protein Assay Kit (Beyotime, Nanjing, China).  The same 
amount of protein was precipitated with GFP-Trap A at 4°C 
with gentle rotation for 4 h.  The beads were washed five 
times with cold IP buffer and boiled with 5× SDS loading 
buffer for 5 min, followed by SDS-PAGE and silver staining 
or Western blot.  
For IP, to detect the interaction of calnexin with GP5 
or GP3, PAMs were inoculated with PRRSV JXwn06 at a 
multiplicity of infection (MOI) of 1, the viruses were removed 
after 1 h post-inoculation (hpi) and fresh RPMI-1640 medium 
with 5% FBS were added.  At 12 hpi, the cells were lysed 
and the protein was collected as describe above.  The same 
amount of protein was subjected to be precipitated with 
anti-calnexin antibody or uncorrelated antibody in conjunc-
tion with Protein G Sepharose 4 Fast Flow (GE Healthcare 
Bio-Science, Piscataway, NJ).
For Co-IP, the 293T cells were co-transfected with pC-
MV-Myc-mitofilin or pCMV-Myc-calnexin and pEGFP-GP5 
or the empty vector pEGFP-C1.  At 36 h post-transfection 
(hpt), the cell lysates were subjected to immunoprecipitation 
with GFP-Trap A.  The immunoprecipitated proteins were 
detected by Western blot. 
2.6. Silver staining, mass spectrometric identification 
of proteins and the Ingenuity Pathway Analysis 
The immunoprecipitated proteins were fractionated by 
electrophoresis on 12% SDS-PAGE gels and the gels were 
stained using a Silver Stain Kit for Mass Spectrometry (Ther-
mo Scientific, Rockford, IL) according to the manufacturer’s 
protocols.  Prestained Protein Ladder (Thermo Scientific) 
was used for estimating the approximate sizes of separated 
proteins.  All distinct bands in the lane of GP5-GFP-ex-
pressing group and the gel at parallel area in the lane of 
GFP-expressing group were excised and subjected to MS/
MS as described previously (Zhang et al. 2009; Wang L 
et al. 2014).  Briefly, gel pieces were distained with 50% 
acetonitrile/50 mmol L–1 NH4HCO3.  Then the gel pieces 
were washed and shrunk with acetonitrile, reduced with 10 
mmol L–1 of DTT (60°C, 30 min), followed by alkylation with 
55 mmol L–1 Iodoacetamide (25°C, 30 min).  Then the gels 
were incubated with trypsin (10 ng µL–1) overnight.  Pep-
tides were extracted with 50% acetonitrile/5% formic acid at 
37°C for 2 h.  Peptides were separated using a nano-flow 
HPLC (Easy nanoLC, Thermo Scientific).  The 15-cm re-
verse-phase column was in house made.  Peptides were 
loaded onto the column with buffer A (0.5% acetic acid) and 
eluted with a 60 min linear gradient from 5 to 35% buffer B at 
a constant flow rate of 300 nL min–1.  After the gradient the 
column was washed with 90% buffer B and re-equilibrated 
with buffer A.  The HPLC was coupled to an LTQ-Orbitrap 
mass spectrometer.  Mass spectra were acquired in a data- 
dependent manner, with an automatic switch between 
MS and MS/MS scans.  MS spectra were acquired in the 
Orbitrap analyzer, with a mass range of 300–2 000 and a 
target value of 106.  Up to the 8 most intense ions in each 
full MS scan were fragmented with the collision-induced dis-
sociation (CID) (collision energy 35%) method, and MS/MS 
Table 1  Primers used in this study
Primer1) Sequence (5´→3´)2) Use
1F ATGCTGCGGGCCTGTCATTTATC Amplification of mitofilin gene
1R TCACTCTTGCTGCACTTGGGTGGTTC
2F ATGGAAGGGAAGTGGTTGCTATGTATG Amplification of calnexin gene
2R TCACTCTCTTCGTGGCTTTCTGTTTC
3F CGGAATTCGGATGCTGCGGGCCTGTC (EcoRI) Construction of pCMV-Myc-mitofilin
3R GCGGTACCTCACTCTTGCTGCACTTG (KpnI)
4F CGGAATTCGGATGTGTCTCTGTGGGAAG (EcoRI) Construction of pCMV-Myc-calnexin
4R GCGGTACCTCACTCTTGCTGCACTTG (KpnI)
5F CGCGGATCCAACCATGTTGGGGAAGTGC (BamHI) Construction of pWPXL-GP5-GFP
5R CGCGCGACGCGTAAGAGACGACCCCATTG (MluI)
6F CGGAATTCGGATGTTGGGGAAGTGCT (EcoRI) Construction of pCMV-HA-GP5
6R GCGGTACCCTAGAGACGACCCCATTG (KpnI)
1) F denotes forward PCR primer; R denotes reverse PCR primer. 
2) Restriction sites are underlined.
1836 DU Ji-ge et al.  Journal of Integrative Agriculture  2016, 15(8): 1833–1845
spectra were acquired in the linear ion trap quadrupole (LTQ) 
analyzer and a target value of 30 000, with singly charged 
ions excluded.  The identified proteins with high Confidence 
Icons were submitted to Ingenuity Pathway Analysis (IPA).
2.7. Confocal immunofluorescence assay 
For the co-localization analysis of mitofilin and calnexin with 
GP5, 293T cells were transfected the plasmids encoding 
GP5 and mitofilin and calnexin individually or together.  At 
24 hpt, the cells were fixed with 3.7% paraformaldehyde for 
10 min at room temperature (RT), permealiblized for 10 min 
with PBS containing 0.1% Triton-100 and 2% bovine serum 
albumin (BSA), and then blocked with 2% BSA/PBS for 30 
min.  HA-GP5 was stained with mouse monoclonal antibody 
to HA (Sigma), while Myc-mitofilin and Myc-calnexin were 
stained with rabbit polyclonal antibodies to c-Myc epitope for 
1 h at the RT in a humid chamber.  After being washed 3 times 
with PBS for 5 min each, the cells were then incubated with 
secondary antibody TRITC-conjugated goat anti-rabbit IgG 
and FITC-conjugated goat anti-mouse IgG for 1 h at 37°C. 
The nuclei were stained with 4´,6-diamidino-2-phenylindole 
(DAPI) for 5 min at RT and visualized under an Olympus 
confocal microscope (Olympus,Tokyo, Japan).
For subcellular organelle staining, the cells were incu-
bated with the 100 nmol L–1 MitoTracker red probe in 5% 
CO2 at 37°C for 30 min.  After being washed 3 times, the 
cells were fixed with 10% formalin buffer for 15 min.  Then 
the samples were blocked and stained as described above.
2.8. Western blot 
Protein samples were separated by SDS-PAGE, transferred 
to PVDF membrane, and probed with appropriate antibodies. 
The membranes were then washed with 0.05% PBST and 
incubated with a horseradish peroxidase (HRP) conjugated 
goat-anti-mouse or goat-anti-rabbit IgG (Beyotime, Nanjing, 
China).  Finally, the blotted proteins were detected using 
a Chemiluminescence Detection Kit (Thermo Scientific) 
and finally exposed to a chemiluminescence apparatus 
(Protein Simple, Santa Clara, CA, USA).
3. Results
3.1. Expression of GFP and GP5-GFP in MARC-145 
cells by lentiviral transduction
HEK 293FT cells were co-transfected with the appropriate 
proportions of pWPXL-GFP or pWPXL-GP5-GFP, pMD2.G 
and psPAX2 to obtain respective lentiviruses and the protein 
expression was monitored by fluorescence microscopy.  As 
shown in Fig. 1-A, the GFP and GP5-GFP were expressed 
successfully in HEK 293FT cells.  In lentivirus-transduced 
MARC-145 cells, GFP was distributed throughout the cell 
and GP5-GFP was observed to distribute in cell cytoplasm, a 
pattern that is similar to that observed in the PRRSV-infected 
cells (Fig. 1-B).  The expression of GP5-GFP and GFP was 
further confirmed by Western blot analysis (Fig. 1-C).
3.2. Identification of GP5 cellular interaction network 
and bioinformatics analysis
At 48 hpt, the lentiviruses-transduced cells were harvested 
and immunopricicipitated with GFP-Trap A.  The immuno-
precipitated proteins were resolved in 12% SDS-PAGE and 
visualized by sliver staining.  Compared with GFP, at least 8 
bands were specifically precipitated in GP5-GFP express-
ing cells (Fig. 2).  There were a total of 83 cellular proteins 
identified by MS/MS analysis on these protein bands apart 
from the background, which were identified from 8 areas 
in the lane of GP5-GFP group.  Among them, 40 proteins 
with high Confidence Icons (P<0.01) were used for further 
bioinformatics analysis.  A summary of these proteins inter-
acting with GP5 is shown in Table 2, along with their protein 
scores and sequence coverages.  
To reveal functional insights into the interactome of GP5, 
these 40 identified cellular proteins were subjected to IPA. 
The result showed that these proteins were involved in a 
variety of aspects of the cellular activities and belonged to 
several categories, including enzymes (41.2%), intracellular 
transport (26.3%), transcriptional regulation (8.8%), kinases 
(3.0%) and transmembrane receptors (3.0%) as well as 
phosphatases (3%) (Fig. 3-A).  Most of these proteins are 
shared by the different functional pathways and could be 
linked by 5 known protein-protein interactions (Fig. 3-B).  
3.3. Validation of the proteins that interact with 
PRRSV GP5 by Co-IP
Two interesting proteins, mitofilin and calnexin, were 
subsequently chosen for further analysis.  To validate the 
interaction of GP5 with mitofilin or calnexin, we co-expressed 
EGFP-GP5 or EGFP with mitofilin or calnexin in HEK 293T 
cells.  At 24 hpt, the cell lysates were prepared and subject-
ed to immunoprecipitation with GFP-Trap A.  As shown in 
Fig. 4-A and B, both mitofilin and calnexin could be pulled 
down with the antibodies against GFP in the presence of 
EGFP-GP5, but not EGFP alone.  Thus, these results con-
firmed that PRRSV GP5 were capable of interacting with 
mitofilin and calnexin.
3.4. PRRSV GP5 co-localized with mitofilin and cal-
nexin in the cytoplasm
We showed that GP5 was able to interact with mitofilin 
and calnexin in vitro assays, but it was not clear whether 
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they actually interact in vivo.  To address this question, we 
transfected the plasmids encoding GP5 and mitofilin or 
calnexin into HEK 293T cells individually or together.  Just 
as showed in Fig. 5-A, when expressed alone, few amount 
of GP5 was co-located with mitofilin.  On the other hand, 
mitofilin expressed alone was located in mitochondria, and 
co-localized with the Mitotracker.  However, when co-ex-
pressed together, GP5 and mitofilin responded to each other 
and became well co-localized.  This is likely due to that the 
association with GP5 inhibited the transportation of mitofilin 
to mitochondria and recruited mitofilin to the site of GP5.  As 
an endoplasmic reticulum (ER) membrane marker, calnexin 
was showed to co-locate with GP5 (Fig. 5-B).  Together, 
these results suggest that GP5 is capable of interacting with 
mitofilin and calnexin within mammalian cells.
3.5. The expression of GP5 has no influence on the 
abundances of mitofilin and calnexin in cells
To analyze the effect of GP5 on the abundance of mitofilin 
and calnexin, MARC-145 cells were transduced with re-
spective lentiviruses expressing GP5-GFP or GFP.  At the 
same time, PAMs were infected by PRRSV JXwn06 at an 
MOI of 1.  The cells were collected at the indicated time 
points and subjected to Western blot analysis with antibodies 
to GFP, mitofilin, calnexin, GP5 and β-actin, respective-
ly.  Compared with GFP-expressing group, there was no 
change in the levels of mitofilin and calnexin expression in 
the GP5-GFP-expressing group (Fig. 6-A).  Similar result 
was observed in the PAMs infected by PRRSV (Fig. 6-B).
3.6. The character of glycosylation of GP5 did not 
address the interaction with calnexin
To test whether this represents a general interaction be-
tween calnexin and all glycoproteins of PRRSV, GP3, one 
of viral glycoproteins was set as the control.  PAMs infected 
by PRRSV JXwn06 at 1 MOI were collected and lysed at 
12 hpi, the same amount of total protein was subjected to 
be precipitated with anti-calnexin antibody or uncorrelated 
antibody in conjunction with Protein G Sepharose 4 Fast 
Flow (GE Healthcare, Piscataway, NJ, USA).  The immu-
noprecipitated proteins were detected by Western blot with 
antibodies against calnexin, GP5 and GP3, respectively.  As 
shown in Fig. 7, compared with the control, the antibodies 
to calnexin have the ability to pull down GP5 but not GP3, 
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Fig. 1  Lentiviral expression of porcine reproductive and respiratory syndrome virus (PRRSV) glycoprotein 5 (GP5).  A, the 
preparation of lentivirues expressing GFP and GP5-GFP, respectively, in HEK 293FT cells.  The pWPXL-GP5-GFP and GFP-
expressing plasmids were mixed with pMD2.G and psPAX2 with appropriate proportion, respectively and co-transfected into 
HEK 293FT cells.  The fluorescence of GFP and GP5-GFP fusion proteins were observed under fluorescence microscope.  The 
supernatants containing lentiviruses were harvested, filtered and concentrated.  B, identification of GFP and GP5-GFP fusion protein 
expressed in lentivirues-transducted MARC-145 cells.  The MARC-145 cells were transduced with the lentiviruses expressing 
GFP and GP5-GFP.  At 48 h post-transfection (hpt), the cells were fixed and stained with 4´,6-diamidino-2-phenylindole (DAPI), 
followed examination by immunoconfocal microscopy.  For the distribution analysis of GP5 in the PRRSV-infected MARC-145 
cells.  MARC-145 cells were infected by JXwn06 at an multiplicity of infection (MOI) of 0.1.  At 24 h post-infection (hpi), cells were 
fixed, permealiblized and blocked as described above.  GP5 were stained with mouse monoclonal antibody to GP5, followed by 
incubation with secondary antibody TRITC-conjugated goat anti-mouse IgG and DAPI.  C, identification of GFP and GP5-GFP 
fusion protein expressed lentivirues-transducted MARC-145 cells by Western blot.
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Fig. 2  Identification of the cellular proteins that interact 
with PRRSV GP5 by immunoprecipitation (IP).  Cell lysates 
from GFP- or GP5-GFP-expressing MARC-145 cells were 
immunoprecipitated with GFP-Trap A at 4°C with gentle rotation 
for 4 h.  The beads were washed and boiled, followed by SDS-
PAGE and visualized by sliver staining.  The blue asterisks 
indicate the GFP and GP5-GFP fusion protein bands.  The red 
asterisks and the numbers on the right lane show the differential 
protein bands between GFP- or GP5-GFP-expressing MARC-
145 cells.
suggesting the specificity of the interaction.
4. Discussion  
To successfully survive in the cells and evade the immune 
responses of host, PRRSV has been shown to encode pro-
teins directly or indirectly interacting with multiple host cell 
proteins and signaling cascades to benefit the viral replica-
tion, modulate the type I interferon induction, and so on (Kim 
et al. 2010; Jourdan et al. 2012; Dong et al. 2014; Wang  L 
et al. 2014).  Therefore, identification of the interactions of 
viral and cellular proteins is of vital importance to advance 
our understanding of both functions of viral proteins and 
pathogenesis of PRRSV.  Given that multifunctions of GP5 
in assembly of infectious PRRSV and survival of PRRSV in 
the host (Meulenberg et al. 1995; Dea et al. 2000; Wissink 
et al. 2003, 2005; Ansari et al. 2006; Wei et al. 2012), it is 
very meaningful to investigate the interactome profile of GP5 
with the host cellular proteins.
In order to make the enrichment and separation of 
interacting proteins more efficient, we took the lentiviral 
technology to express GP5 as a GFP fusion protein in 
MARC-145 cells, which are usually difficult to be transfected. 
Compared with the classical transient transfection, which 
is largely constrained to engineered or unnatural cell lines, 
the lentiviral technology can stably and efficiently express 
proteins in MARC-145 cells.  Importantly, the GFP-GP5 fu-
sion protein approach can fully utilize the high affinity of the 
GFP trap (Chromotek, Martinsried, Germany).  At the same 
time, this approach made the interaction of GP5 protein with 
cellular components more specific than PRRSV-infected 
cells because other viral proteins which may interact with 
GP5 would bind cellular proteins in PPRSV infected cells.
In the present study, 40 cellular proteins were identified by 
MS/MS and further analyzed by IPA.  The results showed that 
these 40 proteins were connected to 5 known protein-protein 
interaction networks.  With the membrane-bound nature, 
it is not surprising to find viral protein GP5 to interact with 
proteins linked 1–3 networks, which were mainly involved 
in cellular movement, assembly, organization, growth, 
function, maintenance and so on.  As well known, PRRSV 
can induce reproductive failure with the characteristics of 
abortions, an increase of dead and mummified fetuses, early 
farrowing and weak-born piglets (Terpstra et al. 1991; Plana 
et al. 1992).  However, the underlying mechanism about 
these is not clear.  Furthermore studies have shown that 
PRRSV could cross the transplacental barrier and infect 
fetuses (Mengeling et al. 1994; Nielsen et al. 2002).  In this 
study, the network 4 involved in embryonic development, 
organ development, organisamal development implied that 
GP5 might be involved in PRRSV-induced reproductive 
failure.  PRRSV infection could induce the central nervous 
system (CNS) lesions and the pathogen can be isolated 
from the brain tissues of infected animals (Rossow et al. 
1995; Thanawongnuwech et al. 1997; Cao et al. 2012). 
And the network 5 is related to visual system development 
and function, behavior, nervous system development and 
function.  Maybe some important clues would be gotten to 
explore the mechanism by which GP5 exploits to influence 
the nervous system.  
By the IPA, GP5 could interact with a variety of proteins 
with the aspects of the cellular activity.  Among these pro-
teins, 41.2% of proteins have enzyme activity.  For example, 
OTU domain containing ubiquitin aldehyde-binding protein 1 
(OTUB1) was determined to interact with GP5 (data not 
shown).  As a deubiquitinating enzyme, OTUB1 could 
negatively regulate virus-triggered type I IFN induction 
and cellular antiviral response (Li et al. 2010).  PRRSV 
could evolve sophisticated mechanisms to weaken innate 
immune responses (Murtaugh et al. 2002) and trigger low, 
1839DU Ji-ge et al.  Journal of Integrative Agriculture  2016, 15(8): 1833–1845
severely delayed generation of neutralizing antibodies 
(Loemba et al. 1996; Meier et al. 2000), as well as weak 
cellular immune responses (Bautista and Molitor 1997). 
The interaction between GP5 and OTUB1 indicated that 
ubiquitination and deubiquitination might be important for 
PRRSV-induced host immunity responses.  Additionally, 
a recombinant plasmid co-expressing swine ubiquitin and 
the GP5 encoding-gene of PRRSV have been proved to 
induce protective immunity in piglets.  This result showed 
that ubiquitination of GP5 was important to host protective 
immunity (Hou et al. 2008).  Then, we speculate that the 
deubiquitination through the interaction of OTUB1 and GP5 
may contribute to immune escape of PRRSV in the host.  It 
would be interesting to find whether OTUB1 is involved in 
the other viral proteins-induced suppression of host immu-
nity or not.  The cellular interactome of glycoprotein 5 can 
not only contribute to understanding its role and molecular 
mechanisms but also provide new clues to the mechanism 
by which other viral proteins exploit to work.
Previous studies have demonstrated that PRRSV induces 
apoptosis both in vitro and in vivo (Labarque et al. 2003; 
Miller and Fox 2004).  Apoptosis can be induced by two 
major pathways, the extrinsic (death receptor pathway) 
pathway and intrinsic pathways (the mitochondria pathway). 
The extrinsic pathway is initiated mainly by binding death 
receptors to their ligands and the intrinsic pathway can be 
triggered by internal signals (viral infection, DNA damage, 
radiation and so on) with the release of cytochrome c 
Table 2  The list of proteins interacting with glycoprotein 5 (GP5)
Accession number Protein name Coverage Score
P13010 ATP-dependent DNA helicase 2 subunit 2 (KU86) 32.51 600.91
P07900 Heat shock protein HSP 90-alpha (HS90A) 22.95 581.58
Q5R440 Calnexin precursor 24.66 544.88
Q01813 6-Phosphofructokinase type C (K6PP) 19.39 315.18
P12004 Proliferating cell nuclear antigen (PCNA) 28.35 221.62
P53618 Coatomer protein complex, subunit beta 1(COPB1) 5.46 186.05
Q99623 Prohibitin-2 (PHB2) 31.44 168.73
Q14974 Karyopherin (importin) beta 1 (IMB1) 7.76 161.97
Q06210 Glutamine-fructose-6-phosphate transaminase 1 (GFPT1) 10.16 155.19
Q13200 Proteasome (prosome, macropain) 26S subunit, non-ATPase, 2 (PSMD2) 10.90 146.01
P35606 Coatomer protein complex, subunit beta 2 (COPB2) 5.19 117.28
P33993 DNA replication licensing factor MCM7 (CDC47 homolog) 8.62 98.89
Q9UBF2 Coatomer protein complex, subunit gamma 2 (COPG2) 1.38 95.57
P42224 Signal transducer and activator of transcription 1, 91kda (STAT1) 3.47 92.96
Q92499 ATP-dependent RNA helicase DDX1 (DBP-RB) 5.54 78.39
Q96C19 EF-hand domain-containing protein 2 (EFHD2) 11.25 78.09
P56192 Methionyl-tRNA synthetase (SYMC) 2.11 76.35
P47897 Glutaminyl-tRNA synthetase (SYQ) 2.58 74.21
P62714 Serine/threonine-protein phosphatase 2A catalytic subunit beta isoform (PP2AB) 3.56 62.62
Q16891 Mitochondrial inner membrane protein (IMMT) 5.15 61.09
P55060 Exportin-2 (XPO2) 2.78 54.57
Q9Y678 Coatomer subunit gamma (COPγ) 2.52 51.74
P02768 Serum albumin precursor (ALBU) 1.81 51.44
Q9UBV2 Sel-1 homolog precursor (suppressor of lin-12-like protein) (Sel-1L) 3.27 43.93
P33992 DNA replication licensing factor MCM5 (CDC46 homolog) 2.72 42.19
Q92973 Transportin-1 (TNPO1) 1.01 34.73
Q9UBT2 Ubiquitin-like modifier activating enzyme 2 (UBA2) 1.56 33.96
P15311 Ezrin (EZRI) 4.27 31.69
Q5R416 Catenin alpha-2 (CTNA2) 2.76 29.40
P21980 Protein-glutamine gamma-glutamyltransferase 2 (TGM2) 2.33 27.44
Q96FW1 OTU domain-containing ubiquitin aldehyde-binding protein 1 (OTUB1) 5.54 26.04
Q9N295 Beta-1,3-galactosyltransferase 5 (B3GT5) 8.75 25.53
P62879 Guanine nucleotide binding protein (G protein), beta polypeptide 2 (GBB2) 2.06 25.22
P25311 Alpha-2-glycoprotein 1, zinc-binding (ZA2G) 3.39 24.84
Q96CN5 Leucine-rich repeat-containing protein 45 (LRC45) 0.75 24.60
P16615 ATPase, Ca++ transporting, cardiac muscle, slow twitch 2 (AT2A2) 1.06 23.36
P14923 Junction plakoglobin (PLAK) 1.75 23.14
Q99943 1-Acylglycerol-3-phosphate O-acyltransferase 1 (PLCA) 3.53 21.92
P00338 L-lactate dehydrogenase A chain LDH-A (LDHA) 4.52 21.65
P06729 CD2 molecule (CD2) 1.42 20.56
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Fig. 3  Ingenuity Pathway Analysis (IPA) of proteins interacting with PRRSV GP5.  A, the proportions of different families of these 
proteins.  B–F, the networks of these proteins. 
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from mitochondria (Budihardjo et al. 1999; Kumar 2007). 
PRRSV induced apoptosis through a mitochondria-medi-
ated pathway (Lee and Kleiboeker 2007).  However, the 
molecular mechanism had not been elucidated clearly.  As 
well known, mitochondria have the capability to amplify 
caspase-dependent apoptosis by releasing cytochrome c 
through mitochondrial cristae.  Most of cytochrome c exists 
within the mitochondrial cristae, which is connected to the 
intermembrane space by cristae junctions (Scorrano et al. 
2002).  Mitofilin, with the mitochondrial targeting sequenc-
es, can be transported into mitochondria and function as a 
mitochondria-shaping protein in controlling and maintaining 
mitochondrial cristae remodeling (Odgren et al. 1996; Gief-
fers et al. 1997; John et al. 2005).  Furthermore, this protein 
has been shown to act as a cristae controller to regulate 
cytochrome c release during apoptosis (Yang et al. 2012). 
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Fig. 4  Confirmation of the interaction of PRRSV GP5 with mitofilin and calnexin by co-immunoprecipitation (Co-IP).  293T cells 
were co-transfected with mitofilin (A)- or calnexin (B)-expressing plasmids and GP5-expressing plasmid or the empty vector 
pEGFP-C1.  At 36 hpt, the cell lysates were subjected to immunoprecipitation with GFP-Trap A.  The immunoprecipitated proteins 
were detected by Western blot. 
B
HA-GP5 Myc-calnexin Merge
A
Myc-mitofilin
Myc-mitofilin
MitoTracker Red Merge
HA-GP5
HA-GP5
MitoTracker Red Merge
Merge
pCMV-HA Myc-calnexin  Merge
5 μm 5 μm 5 μm
5 μm 5 μm 5 μm
5 μm 5 μm 5 μm
5 μm
5 μm 5 μm 5 μm
5 μm 5 μm
Fig. 5  Co-localization of GP5 with mitofilin and calnexin in the cytoplasm.  A, the localization analysis of GP5 and mitofilin in HEK 
293T cells.  HEK 293T cells were transfected with the plasmids encoding GP5 or mitofilin individually or together.  At 24 hpt, the 
cells were processed by immunostaining with a mouse anti-HA mAb, rabbit anti-Myc polyclonal antibody followed by incubation 
with appropriate second antibodies, the nuclei were stained with DAPI.  For the subcellular organelle staining, the cells were treated 
with MitoTracker red before fixed and processed by immunostaining.  Then these cell samples were examined by immunoconfocal 
microscopy.  B, the localization analysis of GP5 and calnexin in HEK 293T cells.  HEK 293T cells were transfected with plasmids 
encoding GP5 and calnexin individually or together.  At 24 hpt, the cells were fixed and processed by immunostaining with a 
mouse anti-HA mAb, rabbit anti-Myc polyclonal antibody followed by incubation with FITC-conjugated goat anti-mouse IgG and 
TRITC-conjugated goat anti-rabbit IgG.
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Now we provide strong evidence that GP5, an apoptosis 
inducer (Suarez et al. 1996), can act with mitofilin.  Based 
on the results above, we speculate that although mitofilin 
has mitochondria-targeting sequence, the interaction with 
GP5 might shield the sorting signal and inhibit mitofilin 
transportation to mitochondria, then mitofilin was recruited 
around of GP5, leading to some mitochondrial changes 
to induce the release of cytochrome c from mitochondria. 
The question of whether and how PRRSV or GP5 exploit 
mitofilin to induce apoptosis will be out of scope of this 
current study.  Previous studies have showed that mitofilin 
is conserved among mammals and expressed as two iso-
forms consisted of 747 and 758 amino acid (aa) residues, 
respectively (Odgren et al. 1996; Gieffers et al. 1997).  In 
our present study, the mitofilin of MARC-145 cells with 758 
aa was identified to interact with GP5 by MS/MS and the 
mitofilin of PAMs with 747 aa was showed to interact with 
GP5 by the Co-IP and confocal immunofluorescence assay. 
Considering the conservation of mitofilin among mammals 
(Odgren et al. 1996), we speculated that GP5 is more likely 
interact with both these two mitofilin isoforms of PAMs.
For many enveloped viruses, the N-linked glycosyla-
tion of envelope protein plays diverse functions such as 
receptor binding, membrane fusion, penetration into cells, 
virus budding (Helenius and Aebi 2001; Helenius and Aebi 
2004).  Additionally, several enveloped viruses can use the 
glycosylation of viral envelope proteins as a major mech-
anism to escape, block, or minimize the virus-neutralizing 
antibody response (Chen et al. 2000; Lee et al. 2003; Wei 
et al. 2003).  As a molecular chaperone in the endoplasmic 
reticulum (ER), calnexin was important for the maturation of 
glycoproteins of both cells and viruses (Pieren et al. 2005). 
Moreover, studies with human papillomavirus type 16 virus 
(HPV16) have shown that the viral protein E5 interact with 
calnexin and heavy chain of HLA-I or CD1d to form a ternary 
complex, followed by the retention of these two cellular pro-
teins in the ER of the cells.  As a result, HPV16 can escape 
the recognition and elimination of host immunity responses 
(Gruener et al. 2007; Miura et al. 2010).  And the down-reg-
ulation mechanisms of cell surface MHC-I molecules due to 
PRRSV infection were not clearly explained (Weesendorp 
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the abundances of mitofilin and calnexin in lentiviruses-transduced MARC-145 cells.  MARC-145 cells were transduced with the 
lentiviruses expressing GFP and GP5-GFP as described above.  At 48 hpt, the cell lysates were subjected to Western blot with 
the antibodies against GFP, mitofilin, calnexin and β-actin, respectively.  B, the effect of GP5 expression on the abundances of 
mitofilin and calnexin in PRRSV-infected PAMs.  PAMs were either mock-infected or infected with JXwn06 at an MOI of 1.  At 12 
and 16 h post infection (hpi), the cells were collected and then processed and subjected to Western blot analysis. 
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Fig. 7  The interactions of native GP5 with calnexin in PAMs 
during the PRRSV replication. PAMs inoculated with PRRSV 
JXwn06 at 1 MOI were collected and lysed as describe above 
at 12 hpi.  The same amount of protein was subjected to be 
precipitated with anti-calnexin antibody or uncorrelated antibody 
in conjunction with Protein G Sepharose 4 Fast Flow. The 
immunoprecipitated proteins were detected by Western blot 
with antibodies against GP5, GP3 and calnexin respectively.
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et al. 2013).  As showed in previous studies, N-linked glyco-
sylation of GP5 played important roles in virus attachment 
to target cells, virus neutralization and immunological pro-
tection (Wissink et al. 2005; Ansari et al. 2006; Wei et al. 
2012).  These results implied that the interaction of GP5 and 
calnexin maybe contribute to the functions of GP5 N-linked 
glycosylation and the PRRSV-induced down-regulation of 
cell surface MHC-I molecules.  
5. Conclusion
The study of protein-protein interactions (PPIs) benefits to 
understand the responses within virus-infected cells.  And 
the affinity purification (AP) combined with mass spec-
trometry (MS) is a powerful method for this study.  To our 
knowledge, this is the first application of lentiviral technology 
coupled to GFP-Trap to analyze PPIs between HP-PRRSV 
GP5 and cellular proteins and map an interactome.  40 
host cellular proteins with high confidence were identified 
to interact with PRRSV GP5.  These proteins belong to dif-
ferent functional classes and 5 known networks.  Moreover, 
two interesting host cellular proteins, mitofilin and calnexin, 
were confirmed to interact with GP5.  Our results not only 
provided valuable information for understanding the roles 
of GP5 in the PRRSV pathogenesis but also provided a 
valuable clue to elucidate the biological processes taking 
place in HP-PRRSV infected cells.
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